Abstract: When we listen to sounds radiated from a single sound source, the sound image is generally localized at a certain spatial position. In addition, similar to a visual image, the sound image has a certain largeness and shape. Previous works reported that a center frequency of the broadband noise affects the width of sound image; a bandwidth of broadband noise also affects the largeness of sound image. Although these works suggest that either the center frequency or frequency bandwidth has an impact individually on the largeness of sound image, an experiment employing simultaneous control of both parameters are required to explore how spectral characteristics of sound source signal affects the largeness of sound image. Furthermore, very little is known about the perception of the shape of sound image that would be essential for comprehensive understandings of spatial auditory perception. Therefore, in this work, a sketch-drawing experiment was conducted to capture the largeness and shape of sound image for a single sound source in an anechoic environment. The experimental results reveal that both the lower center frequency and the broader bandwidth of the broadband noise lead to the larger sound image. Moreover, the results show that inter-and intraindividual variations in the shape of sound image including circle, ellipse, and rectangular-like shape.
INTRODUCTION
One can perceive a visual image of a visible object or environment through one's visual sensation. Similarly, one can perceive a sound image of an object that radiates sounds through one's auditory sensation. In general, the sound image is localized at a certain spatial position by using binaural and monaural localization cues such as interaural time differences (ITDs), interaural level differences (ILDs) and spectral cues [1] . Furthermore, the sound image would be perceived with a certain largeness and shape.
From the viewpoint of largeness of sound image, some perceptual measures such as auditory source width (ASW) [2] or spatial impression (SI) [3] were proposed. It is known that the ASW and SI vary with reflections from lateral direction to a listener. Then, lateral energy fraction (L f ) [4] and interaural cross correlation (IACC) [5] [6] [7] have been proposed as physical measures that are relevant to the ASW and SI. These discussions are limited to reflective or reverberant environments, because these researches were intended to provide knowledges for analysis and design of room acoustics.
As a physical factor, other than reflections, that would affect the largeness of sound image, Anazawa et al. suggested that the width of sound image for 1/3 octaveband noise is affected by its center frequency; a lower center frequency yields a larger sound image [7] , although their experiment did not explicitly assume a free field in which no reflections exist. Furthermore, the authors' previous work indicated that the largeness of sound image for a broadband noise of 1-kHz center frequency vary with its frequency bandwidth; a broader bandwidth leads to a larger sound image in both the horizontal and vertical directions [8] .
Although Anazawa et al.'s [7] and the authors' previous works [8] suggest that either the center frequency or frequency bandwidth has an impact individually on the largeness of sound image, more comprehensive experiments employing simultaneous control of both the center frequency and frequency bandwidth are required to further explore how spectral characteristics of sound source signal affect the largeness of sound image.
As described above, many researchers have been putting lots of efforts on clarification of relation between spatial positions of sound image and temporal and spectral characteristics of binaural signals, and some researchers have explored the largeness of sound image both in reflective and non-reflective environment. However, very little is known about the perceived shape of sound image, although it is quite intriguing to explore what ''shape'' the sound image has and how the physical characteristics of auditory input affects the shape. Potard et al. studied the apparent shape of sound sources, but they focused on a sound image generated by a set of multiple sound sources [9] , not on a single sound source being of interest in the current work.
The experiments in the authors' previous work [8] measured the spatial extent of sound image only in the horizontal and vertical directions, thereby being not capable of capturing the shape of sound image. Therefore, in this work, for a single sound source in an anechoic environment, sketch-drawing experiments are employed to enable capturing the shape of sound image and its largeness.
Following sections are organized as below. Section 2 describes the method for subjective sketch-drawing experiment. Section 3 demonstrates the results and analysis of the experiment. Sections 4 and 5 respectively provide discussions and conclusions.
METHOD
A subjective experiment was performed to clarify how the center frequency and frequency bandwidth of broadband noise affect the perceived largeness and shape of sound image.
Stimuli
Stimuli were generated by convolving bandpass filters to a pink noise signal (sampling frequency: 44.1 kHz, 16-bit quantization). Nine bandpass filters (Butterworth, 3 dB/oct. attenuation) whose center frequencies are 500, 1,000, and 2,000 Hz were prepared with bandwidths of 150, 300, and 600 Hz for each center frequency. The stimuli were presented through a loudspeaker. All the stimuli's amplitudes were adjusted so as to be approximately 60 dB of A-weighted sound pressure level when measured at a left ear of a head and torso simulator (SAMRAI, Koken).
Procedure
Participants were four males and one female, five in total, who reported no hearing difficulties. The experiment was conducted in an anechoic chamber. Figure 1 illustrates the experimental setups. The stimuli were output from a loudspeaker (LS603, Marantz) through a PC1 (ProBook 4340s, HP), the audio interface, and a power amplifier (1705II, BOSE).
The loudspeaker was located in front of the participant at 1-m distant. In order to remove effects of visual information, an acoustically transparent blackout curtain was located in front of the participant at 1-m distance.
The participants were equipped with a drawing tablet (CTH-470, Wacom) connected to PC2 (FMV-BIBLO NF/ G50, FUJITSU) that operates drawing software (Pixia 2.5). The canvas window of the drawing software was projected on the blackout curtain using a projector (EMP-1705, EPSON).
The participants were asked to draw outlines and other feature lines, if any, of sound image they perceived on the canvas projected on the blackout curtain by using the drawing tablet and an associated stylus pen while listening to the stimuli. Each stimulus was repeatedly presented until the participant finished drawing. The stimuli were presented in a randomized order. Five sessions were performed with intersession breaks where a single session consists of trials of 9 stimuli. Totally, 45 trials were conducted in a single day for each participant. Figure 2 illustrates the examples of drawn sound images by the participant C for nine pairs of center [8] which employed an adjustment method to measure sound image width and height. Note that the previous experiment was performed only for 1 kHz of center frequency.
RESULTS
The two-way repeated-measures ANOVA (analysis of variance) revealed, for width, a significant main effect of the center frequency and, for height, significant main effects of the center frequency and the frequency bandwidth. No interactions between the center frequency and frequency bandwidth were found both for width and height. The multiple comparison test with the Bonferroni correction shows significant difference in the visual angles among bandwidths for each center frequency for 3 out of 9 cases respectively in width and height, indicated by the asterisks ( Ã : p < 0:05, ÃÃ : p < 0:01). Both in the current and previous experiments, the results demonstrate a common trend, namely, visual angles both in width and height are greater as the frequency bandwidth increases. In addition, the current experiment shows that visual angles in both width and height are greater as the center frequency decreases. However, the results exhibits that visual angles in width are larger in the current experiment than in the previous one: visual angles in height in the current experiment are larger for narrower bandwidth and smaller for wider bandwidth than in the previous one. The reasons for these deviations between the current and previous results are yet to be revealed but they might be possibly caused by two different measurement methods, namely sketch drawing and adjustment methods.
For the current experiment, the results depict that, for 2-kHz center frequency, the height is larger than the width for all the frequency bandwidths thereby indicating the drawn sound image is vertically long; for 1-kHz center frequency, the height is larger than the width for 150 and 300 Hz of bandwidth and is almost same as the width for 600 Hz of bandwidth; for 500-Hz center frequency, the height is smaller than the width for all the bandwidths indicating the drawn sound image is horizontally long. The two-way repeated-measures ANOVA (analysis of variance) revealed significant main effects of the center frequency and frequency bandwidth. No interactions between the center frequency and frequency bandwidth were found. The multiple comparison test with the Bonferroni correction shows significant differences (p < 0:05) of drawn area among all the three center frequencies for each bandwidth. Therefore, the results demonstrate that the drawn area is significantly greater as the center frequency decreases. The multiple comparison test with the Bonferroni correction shows that there are significant differences in the drawn area among bandwidths for each center frequency for 5 out of 9 cases indicated by the asterisks ( Ã : p < 0:05, ÃÃ : p < 0:01) in the figure. The results reveal that, for 2 kHz and 1 kHz of center frequency, the drawn area is greater as the frequency bandwidth increases; for 500 Hz of center frequency, the result shows a trend that the drawn area is greater as the bandwidth increases, although no significant differences are observed. Figure 5 illustrates the examples of drawn images by five participants, which were chosen out of 5 trials for each participant so that they exemplify inter-individual variations in a comprehensible way. The figure depicts nine pairs of the center frequency and bandwidth for each participant.
Shape of Sound Image

Inter-individual variation
The participants A and B drew filled images while the participant C and E drew unfilled images having only outlines of the images. As the participants were just asked to draw outlines of the perceived sound images, it is likely that the participants C and E also perceived filled images but just left the images unfilled. Therefore, the differences between filled and unfilled images do not seem so meaningful. An interesting exception is the participant D who drew ''cores'' at the center of the unfilled circular images for all the trials. According to the results of participant D, it is likely that he/she perceived ''dense'' intensity in a small region at the center of ''sparse'' but broader circular sound images. For most of the trials, the drawn sound images basically have elliptical shapes, including circle, and either vertically or horizontally long ellipse, depending on the participants, as demonstrated in Fig. 5 . However, as shown in Fig. 6 illustrating drawn images from some of the trials of the participant B, he/she drew rectangular-like shapes rather than elliptical one for some trials. Consequently, the results indicate that there are inter-individual variations in the perceived shape of sound image. Figure 7 illustrates the relative standard deviations (RSD) for each participant and each condition. The RSD is a standard deviation divided by an average value, expressing the extent to which a participant's response varies among 5 trials for a single condition. The ordinate denotes the RSD [%]. The abscissa denotes the center frequency and bandwidth of the source signal along with a scale that indicates the largeness of drawn image area for each condition corresponding to the results demonstrated in Fig. 4 . The figure demonstrates that the RSD value is generally larger with larger center frequency and smaller bandwidth, generally resulting in a smaller drawn image area. This indicates that the variance of drawn image largeness for same condition is relatively larger for smaller drawn images because the absolute variance is constant to some extent independent of drawn image largeness. It is yet to be revealed whether the variance of drawn image is attributable to ambiguity of perception of sound image largeness or that of drawing reproducibility in conversion from an auditory image to a visual image.
Intra-individual variation in each condition
Intra-individual variation among conditions
Roughly speaking, as demonstrated in Fig. 5 , the participants A, C, and D drew elliptical images that are slightly long in horizontal direction for lower center frequencies, while drawing circular images for higher center frequencies. In contrast, the participants B and E drew circular images and vertically long elliptical images depending on the stimulus for lower center frequencies, thereby demonstrating variations in the shape of drawn images. Especially, for the participant E, a higher center frequency results in a vertically longer ellipse. Consequently, the results demonstrate that there are intra-individual variations in the perceived shape of sound image depending on the center frequency and bandwidth.
DISCUSSIONS
If a sound image were always perceived as a circle, the largeness of sound image would be expressed by its width as a diameter of circle. However, a sound image can have an elliptical shape as observed in the current work, indicating that the largeness of the sound image cannot be expressed only by the width. Furthermore, for some cases, a sound image had a rectangular-like shape rather than an elliptical shape, as demonstrated in Fig. 6 from the participant B, as well as an elliptical shape with core, as in . These results suggest that the sound images having non-simple shapes other than a circle or ellipse can be perceived; the sketch drawing experiment in the current work enabled the observation of sound image shape including such non-elliptic shapes while the measurement of width and height performed in the previous experiment [8] is insufficient for capturing such non-elliptic shape of perceived sound image. Furthermore, the current results demonstrate that the shape of sound image varies among individuals, namely, not only the largeness but also the shape of sound image varies with the frequency characteristics of auditory input, i.e. the center frequency and bandwidth of the broadband noise in the current work. These findings imply that the perception of shape of sound images is a complicated phenomenon and requires further explorations. From the current results, it would be difficult to derive definitive explanations for intra-and inter-individual variations in the shape of sound image. However, if we could find any systematic variation from further subjective tests with larger number of participants, it may be possible to derive a reasonable and consecutive explanation for the intra-and inter-individual variations.
The ANOVA suggested no interactions between the center frequency and frequency bandwidth for width, height, and drawn area, which indicates that the center frequency and frequency bandwidth of the broadband noise individually affect the perception of width, height and largeness of sound image.
The current experiment employed the loudspeaker (LS603, Marantz) as a sound source. The loudspeaker has a 12-cm cone diameter, which may not be considered as a point source when it is located 1-m distant from a listener. However, the authors' previous result showed no significant difference in the perceived width and height of sound image between the loudspeaker presentation and the headphone presentation that presented an ideal point source through binaural synthesis [8] , thereby indicating that, from the viewpoint of perception of sound image shape, a radiation pattern of the loudspeaker is not prominently different from an ideal point source. This indication raises a fundamental question whether the shape of wave front actually has an impact on the shape of sound image. If it does, further subjective experiments would be necessary in order to clarify how the shape of wave fronts does affect the perceived shape of sound image by employing various loudspeakers as well as an ideal planer source presented by binaural synthesis. If not, it would be intriguing to explore the reason why the participants perceived non-circular sound images including elliptical or rectangular-like ones. In addition, the future works would include investigations on sound image shape perceived by other stimulus signals such as pure tones, speech, or music signals.
CONCLUSIONS
A sketch-drawing experiment was performed to capture the effects of center frequency and bandwidth of the broadband noise on the largeness as well as the shape of sound images.
The experimental results revealed that both a lower center frequency and a broader bandwidth of broadband noise lead to a larger sound image; the center frequency and the frequency bandwidth can be individually considered in the perception of sound image largeness because no interactions are found between them.
Moreover, the results show that inter-and intraindividual variations in the shape of sound image such as a circle, vertically and horizontally long ellipses and rectangular-like shapes.
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